Background--Adults infected with HIV have increased atherosclerosis potentially associated with both HIV and non-HIV associated factors. We characterized risk factors for atherosclerosis as measured by noninvasive vascular imaging.
A therosclerosis is characterized by changes in the structure and composition of blood vessels. Noninvasive vascular imaging may allow ascertainment of underlying structural and compositional arterial changes in patients with and without clinical atherosclerotic vascular disease. Carotid artery intima-media thickness (cIMT) is one such measure that has been widely used. Changes in cIMT primarily reflect vascular remodeling in response to hemodynamic conditions, and accordingly, age and hypertension are the dominant risk factors for increased cIMT. A rationale has been developed for investigating the use of B-mode ultrasound to infer composition of the carotid arteries. Prior studies have measured echogenicity on B-mode ultrasound at regions with carotid artery plaques, and less commonly, echogenicity measurements have also been obtained within carotid artery segments relatively free of disease. Regions of the carotid arterial wall that appear echolucent (black) in B-mode ultrasound images may be indicative of lipid deposits. Regions that appear echodense (white) suggest calcification and presence of fibrous tissue. 1, 2 Prior studies show that echogenic properties of the carotid arterial wall on ultrasound images correlate with the presence of cardiovascular disease (CVD) risk factors [3] [4] [5] and risk of all-cause and CVD mortality. High-density lipoprotein cholesterol (HDL-c) level, body mass index (BMI), smoking, and markers of oxidative stress and inflammation are associated with carotid artery echogenicity. [3] [4] [5] Older adults who had low levels of arterial echogenicity had significantly increased CVD mortality risk in the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study. 6 The potential value is that a standardized noninvasive approach to measuring vessel echogenicity may interrogate a different aspect of the disease process versus other wellestablished sonographic measures such as arterial wall thickness (ie, cIMT). Carotid artery echogenicity and cIMT have only a modest correlation with one another (eg, r<À0.20). 6 In the PIVUS study, the ability of echogenicity to predict mortality was independent of cIMT. Moreover, patterns of classical CVD risk factor relationships may differ between cIMT and echogenicity of the intima-media complex, which would suggest that echogenicity and cIMT reflect different pathogenic processes that lead to atherosclerosis. It is well established that HIV infection is associated with premature atherosclerosis likely due to multiple factors including HIV-related inflammation, HIV treatment-related lipodystrophy and hypertension, and immunodeficiency. 7, 8 Traditional risk factors such as lipids and smoking appear to be more important than HIV disease-related variables in producing increased cIMT in HIV-infected adults. 9 To our knowledge, echogenicity of the carotid artery intima-media complex has not been studied in an HIV-infected population. We applied B-mode carotid artery ultrasound in the Women's Interagency HIV Study (WIHS) to address several research aims: (1) to characterize echogenicity of the intima-media complex of the common carotid artery wall (defined as grayscale median, GSM) in HIV-infected women; (2) to identify risk factors for carotid artery echogenicity and cIMT in the same HIV-infected women; and (3) to examine whether HIV-infected and HIV-uninfected women differ in carotid artery ultrasound parameters or in risk factor relationships.
Methods

Study Population
The Women's Interagency HIV Study (WIHS) cohort consists of over 4000 HIV-infected women and HIV-uninfected controls enrolled at multiple US urban sites. 10 WIHS participants complete study visits every 6 months for collection of biological specimens, questionnaire data, and clinical measurements. The Carotid Artery Ultrasound Substudy (CA US) was initiated in April 2004 and included 1865 women (1331 HIV-infected and 534 HIV-uninfected). 11 Of those in CA US, 1792 (1282 HIV-infected and 510 HIV-uninfected) were included in the present analysis and 73 women were excluded (62 participants were excluded in the present analysis for missing data on echolucency and another 11 were excluded for being an HIV seroconverter). Institutional Review Board approval and informed consent were obtained on all participants.
Carotid Artery Ultrasound
During 2004-2005, high-resolution B-mode ultrasound carotid artery images of the far wall of the right common carotid artery were obtained. Standardized carotid artery ultrasound images were centrally measured by automated edge detection software (Patents 2005 (Patents , 2006 (Patents , 2011 . [12] [13] [14] [15] Intima-media thickness of the right common carotid artery far wall (cIMT) was measured along a 1-cm segment determined by an electronic ruler just distal to the bifurcation. In the same common carotid artery segment, the echo-strength (based on the echo grey-white scale from 0 to 255) of each individual pixel within the intima-media complex was measured by the automated software. The grey scale median (GSM) was then calculated from all the pixels on the scale from 0 to 255 (unitless). Each image was calibrated to account for image contrast and brightness by using standardized nearby structures. Low GSM values represent echolucency (black), while high GSM values indicate echodensity (white). Measurements were determined at the same point in the cardiac cycle for each participant, namely the R-wave.
Assays
HIV infection was determined via serologic testing using enzyme-linked immunosorbent assay (ELISA) and confirmed using Western blot assays. Plasma HIV RNA levels were quantified using nucleic acid sequence-based amplification commercial assays with a lower limit of quantification of 80 copies/mL (bioM erieux, Boxtel, NC 
Statistical Analyses
GSM and cIMT each had distributions that approximated normality. Initial analyses examined age-adjusted comparisons of GSM and cIMT between HIV-infected and HIVuninfected groups. Age-adjusted mean GSM and cIMT were calculated by nadir and current CD4+ T cell count category.
Student's t tests tested for differences of GSM and cIMT across categories of CD4+ T cell count. After assigning the within-category median CD4+ T cell count value to each individual within a given CD4+ T cell count category, we tested for linear trend between CD4+ T cell count with GSM and cIMT in age-adjusted linear regression models. Possible non-linear relationship between nadir and current CD4+ T cell counts with GSM and cIMT were assessed using quadratic terms. We conducted parallel analyses among HIV-infected and HIV-uninfected groups to identify the association of standard CVD risk factors and HIV disease stage (eg, CD4+ T cell count, plasma HIV RNA) with cIMT and GSM. To assess the association between cIMT or GSM and continuous variables, we calculated Pearson partial correlation coefficients, adjusting for age. Log-transformations were applied to triglyceride levels and plasma HIV RNA to improve normality. To examine the association between cIMT or GSM and categorical variables (race/ethnicity, diabetes status, and current smoking status), we calculated age-adjusted means within each category. Statistical significance of differences in GSM and cIMT across categories was assessed by analysis of covariance. We ran separate regression models for each independent variable, adjusting for age. Among HIV-infected women, all participants with complete covariate information were included in separate multivariable linear regression models, run separately with GSM or cIMT as the dependent variables, and the following independent variables: age, race/ethnicity, HDL-c level, LDL-c level, triglyceride level (log-transformed), BMI, systolic and diastolic blood pressure, diabetes status, current smoking status, and HIV disease and treatment status. In additional analyses, to examine whether associations between risk factors and GSM were independent of cIMT, and vice versa, we included cIMT and GSM as independent variables in the fully adjusted multivariable models. These did not produce substantially different results from the analyses presented in this manuscript (data not shown). We also assessed the possibility of a U-shaped relationship using a quadratic term for cardiovascular risk factors in linear regression models examining GSM and did not find any evidence of a curvilinear association between each examined risk factor and GSM. P<0.05 was considered statistically significant. While stratified analysis was the original approach, we also examined statistical tests of interaction between CVD risk factor and HIV serostatus in models adjusted for age and race.
All analyses were performed using SAS (version 9.3; SAS Institute, Cary, NC).
Results
Subject Characteristics
Compared with 510 HIV-uninfected women, 1282 HIVinfected women were on average 3 to 4 years older, had lower BMI and HDL-c levels, and higher triglyceride levels (P<0.0001) ( Table 1 ). In the overall sample, correlation between cIMT and GSM (echogenicity) was r=À0.21, P<0.0001. This correlation was r=À0.17 (P<0.0001) in HIVinfected women and r=À0.28 (P<0.0001) in HIV-uninfected women.
Association Between GSM and cIMT and HIV Infection Status
Mean age-adjusted GSM was not significantly different between HIV serostatus groups (63.1 in HIV-uninfected and 62.5 in HIV-infected women, P=0.54). Mean age-adjusted cIMT was higher in HIV-uninfected women (738.0 lm) than in HIV-infected women (718.8 lm, P=0.0003). Among HIVinfected women, current CD4+ T cell count had a weak correlation with GSM and with cIMT (age-adjusted r=À0.08 and r=0.07, respectively, both P<0.05, Table 2 ); nadir CD4+ T cell count was not associated with GSM but was significantly associated with cIMT (age-adjusted r=0.06, P=0.04, Table 2 ). Current HIV RNA was positively associated with GSM and not associated with cIMT after adjustment for age (Table 2) . No association was observed between age-adjusted GSM or cIMT and use of HAART or cumulative duration of HAART. Categorybased analyses did not reveal a dose-response pattern of increasing or decreasing age-adjusted GSM or cIMT across the range of CD4+ T cell counts (Tables 3 and 4) . After adjustment for potential confounders including age, race/ ethnicity, serum lipids, blood pressure, and smoking in multivariable models, no significant association was observed between HIV serostatus and GSM or cIMT. After confounder adjustment, GSM was similar in the HIV-infected as compared with the HIV-uninfected women (adjusted difference or b comparing GSM in HIV-infected versus HIV-uninfected=À1.68, P=0.09). In confounder-adjusted models, the difference comparing cIMT in HIV-infected versus HIV-uninfected was 6.38 lm, P=0.24. 
Risk factors for GSM and cIMT among HIV-infected women
Among HIV-infected women, advanced age was correlated weakly with low GSM (r=À0.17) and correlated moderately with high cIMT (r=0.49, Table 2 ). In age-adjusted analyses among HIV-infected women, higher BMI and diabetes were also associated with lower GSM and higher cIMT. Systolic and diastolic blood pressures had weaker correlations with GSM (age-adjusted r=À0.09, P=0.001 and r=À0.05, P=0.09) than with cIMT (age-adjusted r=0.21 and r=0.16, P<0.0001). In contrast with the abovementioned variables, which had directionally opposite associations with GSM and cIMT, current smoking as compared with non-smoking was associated with significantly higher levels of both GSM and cIMT. Other variables were significantly associated with only one of the carotid artery measures in HIV-infected women: high triglyceride level was associated with lower GSM but not with cIMT; African-American race was associated with higher cIMT but not with GSM. Subsequent multivariable analyses among 1178 HIVinfected women included demographic variables, CVD risk factors, and HIV-related variables (ie, current CD4+ T cell count, plasma HIV RNA viral load, and HAART use). In multivariable analyses, lower GSM and higher cIMT were significantly associated with older age and higher BMI (Table 5) . Lipid-related variables were associated with GSM but not with cIMT in multivariable analyses. Higher triglyceride level was associated with lower GSM (P=0.002), and higher LDL-c level had a significant association with higher GSM (P=0.04) ( Table 5 ). Other variables in multivariable models were independently associated with higher cIMT but not with GSM: systolic blood pressure, smoking, and diabetes. The associations between CVD risk factors and GSM were similar after additional adjustment for cIMT, and likewise the variables associated with cIMT were similar after adjustment for GSM (data not shown).
Risk factors for GSM and cIMT among HIV-uninfected women
Age-adjusted analyses of risk factors among HIV-uninfected women mirrored several of the findings among the HIV- infected women (Table 6 ): (1) older age was modestly correlated with lower GSM and robustly correlated with higher cIMT; (2) higher BMI and diabetes were associated with lower GSM as well as higher cIMT; (3) smoking was associated with higher GSM, contrasting with other risk factors that were associated with lower GSM; and (4) blood pressure was more strongly associated with cIMT than with GSM. In addition, among HIV-uninfected women, the classic CVD-related dyslipidemic patterns including high LDL-c level and low HDL-c level were associated at a moderate-to-high degree of statistical significance with low GSM (age-adjusted P=0.04 and P=0.01, for LDL-c and HDL-c, respectively). High triglyceride level also correlated with low GSM at marginal levels of statistical significance (age-adjusted r=À0.08, P=0.06). LDL-c level also had a significant correlation with cIMT (P=0.02) but HDL-c level and triglyceride level did not (P=0.49 and P=0.20, respectively). The ability to conduct multivariable analyses in the HIV-uninfected group was limited by the relatively small numbers of HIV-uninfected women (N=473) as compared with the size of the HIV-infected group. Interaction terms did not yield P values indicating that risk factors for GSM and cIMT had significantly different effect estimates in HIV-uninfected and HIV-infected groups (P>0.05 for all, except for diabetes-GSM, which had P=0.007 suggesting a stronger association in the HIV-uninfected group), although power to detect interaction is likely poor and multiple tests were performed.
Discussion
In the WIHS cohort of HIV-infected and HIV-uninfected women we observed a trend suggesting lower cIMT in the HIV-infected group as compared with the HIV-uninfected group, confirming our previously published results. 11 In addition, HIV-infected and HIV-uninfected groups did not differ significantly in measures of arterial echogenicity (GSM) defined at a 1-cm segment of the far wall of the common carotid artery. As expected, elevated blood pressure was a predominant risk factor for cIMT in both HIV serostatus groups. Thus, the comparison of cIMT, moreso than GSM, across HIV serostatus groups may reflect the influence on blood pressure of HIV infection and treatment. 16 In both HIV serostatus groups, GSM was lower and cIMT was higher with advancing age. Associations of several non-lipid risk factors such as smoking, BMI, and diabetes with measures of GSM and cIMT were also similar across HIV-infected and HIV-uninfected groups. Finally, the associations between lipid variables and carotid artery parameters differed between HIV serostatus groups. Higher LDL-cholesterol levels and lower HDL-cholesterol levels were associated in particular with lower GSM in HIV-uninfected women. High serum triglyceride levels were consistently associated with low GSM in both HIVinfected and HIV-uninfected groups, although this may be more important in the HIV-infected group, which had higher average triglyceride levels. We observed no significant difference in mean GSM by HIV serostatus. In addition, no consistent associations between HIV disease parameters such as total CD4+ T cell count or antiretroviral treatment status or duration and GSM were observed within the HIV-infected group. The cross-sectional nature of the carotid artery echogenicity assessments is an inherent limitation that impeded our ability to study the association of HIV disease history with echogenicity. Features of long-term HIV infection may affect arterial parameters in complex ways, leading to either increases or decreases in measures over time as HIV disease status and treatment exposures evolve.
We found that GSM and cIMT had different relationships with CVD risk factors. Smokers had higher GSM than nonsmokers, whereas other risk factors such as age, diabetes, elevated blood pressure, and high BMI were associated with lower (rather than higher) GSM. These same established CVD risk factors including cigarette smoking also were associated with higher levels of cIMT. Age and blood pressure level were associated more strongly with cIMT than with GSM. These patterns of association were consistent across both HIVinfected and HIV-uninfected groups.
Our results are consistent with the notion that reduced arterial echogenicity may be a measure of triglyceride-rich lipoprotein content in the vessel wall. [17] [18] [19] We observed an association between higher serum triglyceride level and lower GSM in both HIV-infected and HIV-uninfected groups. We also observed associations between other atherogenic lipid phenotypes (low serum HDL-c and high serum LDL-c) with low GSM. These associations of HDL-c and LDL-c levels with carotid artery echogenicity were seen more strongly and consistently in the HIV-uninfected women as compared with the group of HIV-infected women. In contrast, lipid risk factors for cIMT had relatively weak effects and only achieved significance in the HIV-uninfected group (LDL-c level, P=0.02).
The present findings lend plausibility to the hypothesis that vessel wall echogenicity and thickening of the vessel wall may reflect different pathogenic pathways to CVD. Echogenicity may provide a description of tissue composition of the intima layer of the vascular wall and thus be a sensitive marker of vascular disease pathophysiology above and beyond cIMT in which lipids play an integral role. Arterial wall thickening, as reflected in a high cIMT, is a strongly age-and blood pressuredependent process. cIMT is affected by systemic hypertension, reflecting adaptive remodeling in response to hemodynamic parameters. This is of importance because HIV-infected patients may have decreased blood pressure prior to receiving treatment, while antiretroviral medication use over time may be related to increase in systolic and diastolic blood pressures. 16, 20 The overall effect on carotid artery parameters, and cIMT in particular, may reflect the cumulative effect of hypertension status over years of infection, which in the case of the WIHS cohort, established in 1994, includes a longer duration of untreated infection than may be the case in contemporary patient groups. The risk factor associations observed here among both HIV-infected and HIV-uninfected women provide additional insight into the interpretation of the carotid artery ultrasound measurements. Smoking, typically the most prevalent CVD risk factor in US HIV-infected patient populations, was shown to increase carotid artery echogenicity, possibly reflecting a fibrotic or sclerotic process initiated by constituents of tobacco smoke. In the PIVUS cohort, while low carotid artery echogenicity was the predominant risk factor for CVD mortality, individuals at the highest levels of echogenicity also tended to have increased mortality, which may be explained by the high smoking prevalence and long-term cumulative smoking exposure in that European cohort of older adults. 6 Associations of carotid artery parameters with lipid levels were also of interest, because as is well known, HIV infection produces lower LDL-c and HDL-c levels and elevated serum triglycerides. 21 Based upon prior results, and also as suggested here, it is uncertain whether the canonical associations of lipid levels with CVD risk that are found in non-HIV-infected populations may differ in HIV-infected adults, or in subsets defined by antiretroviral treatment or duration of infection. 22 As these data are cross-sectional, we are unable to infer causality between risk factors and carotid artery wall measurements. Longitudinal follow-up of the cohort for progression of echogenicity is in progress. Additionally, we studied fewer HIV-uninfected than HIV-infected women, and we therefore may have lacked power to detect associations in stratified and interaction analyses and had insufficient sample size for multivariable analyses of HIV-uninfected women. The WIHS cohort includes only women, so we are unable to generalize these findings to men.
In conclusion, we confirmed that the echogenicity of B-mode ultrasound images obtained from a standardized, 1-centimeter region of the common carotid artery wall is associated with several CVD risk factors in HIV-infected persons. Our findings extend this approach to noninvasive carotid artery imaging to the setting of HIV infection. 3, 5 Echolucency of carotid artery plaques and the thickness of the common carotid artery intimamedia layer may capture different aspects of atherosclerosis. 4 The potential utilization of these distinct measures as risk assessment and research tools for identifying atherosclerosis in earlier stages should be explored. 3, 4 
